SUMMARY
Although the mechanism of early glaucomatous visual Eye (1994) 8, 516-520 © 1994 Royal College of Ophthalmologists loss is not fully understood, much evidence has been accu mulated from psychophysical testing, 1-6 electrophysiolog ical testing,7-9 histological examination of post-mortem specimens of optic nerve and retina, 1 0-12 and from clinical evaluation of the optic disc.I}-I!>
The primate anterior visual system is divided and remains segregated through several synapses in the visual system into pathways pertaining to colour and spatial res olution on the one hand and high contrast sensitivity and temporal resolution on the other.17.IR In addition, each of these two pathways is subserved by a different class of ganglion cell: those with large-diameter axons (fast) pro jecting to the magnocellular layer of the lateral geniculate body (LGB) for motion and small-diameter axons (slow) projecting to the parvocellular areas of the LGB for colour perception and fine vision. 17.19 Histological studies have provided evidence that the large-diameter fibres are damaged early in the glaucom atous process.I!.12 Psychophysical tests of motion detec tion and flicker sensitivity have been investigated and provide evidence in support of these histological findings in patients with established glaucoma and ocular hypertension .
.:'/,. [20] [21] On the other hand, there is also much evidence in sup port of early damage to other parts of the anterior visual pathways. Colour vision testing has been investigated in glaucoma for many years but until recently has not been practical in clinical terms because of low sensitivity and the long test time required. With newer computerised colour testing systems quick and reliable assessment of colour function can be carried OUt.I.5.24 In addition, blue on-yellow and short-wavelength perimetry has been shown to detect focal glaucomatous defects more reliably than conventional methods. [25] [26] [27] Electrophysiological tests can give a more objective measure of optic nerve function because they are not influenced to the same degree by cognitive factors or the motor skills of the subject as compared with psychophysi cal tests. The pattern electroretinogram (PERG) has been shown to be a sensitive measure of optic nerve function and has high sensitivity and specificity for discriminating between normal and glaucomatous patients.2s. 29 The find ing that a high proportion of ocular hypertensive patients give abnormal PERG results30 would suggest that there may be diffuse loss of ganglion cell function occurring before the onset of perimetrically discernible focal defects.
In this article we review the results of a cohort of 193 ocular hypertensive patients who underwent electrophysi ological (PERG) and psychophysical testing (movement displacement thresholds (MDT), peripheral colour con trast thresholds). By examining the relationships between the different tests hypotheses about the mechanism of early damage can be discussed.
PATIENTS AND METHODS
One hundred and ninety-three ocular hypertensive patients (mean age 60 years), 30 glaucoma patients and 35 controls underwent electrophysiological and psycho physical testing after full informed consent had been obtained. All ocular hypertensive patients had intraocular pressures (lOP) ;=:24 mmHg and had normal Humphrey visual fields using the criterion of no points of the central 24-2 programme (excluding the uppermost row) depressed by greater than 5 dB compared with age matched controls. All tests were carried out in random order and before commencement of medical treatment.
Electrophysiology
The PERG to an alternating chequerboard pattern with near 100% contrast was performed as described in detail in previous reports from this department."S. 29 The stimulus area measured 22 x 16 degrees with a check size of 30' . Transient responses using a pattern reversal frequency of 6 RPS and steady-state responses recorded at 16 RPS were measured.
Peripheral Colour Contrast Threshold Testing
The equipment and method for measuring peripheral colour contrast have been described in detail in previous publications.5.31 The equipment consists of a high-resol ution colour monitor driven by a computer with special graphics card and software. The image on the screen was a central white fixation spot, a uniform background of 16 cd/m2, and a colour contrast annulus concentric with a fix ation spot. Annulus and background were of the same luminance and this varied slightly depending on the sub ject's flicker matches. The distance between screen and cornea was fixed at 45 cm. The annulus had a radius of 12.5° in the extra-macular field and a width of 1 ° of arc.
The test involved the removal of a 45° segment of the annulus in one of four quadrants: right or left upper, right or left lower. The patient had to identify the correct quad rant. Threshold colour contrast was obtained with a modi-fied binary search technique previously described. What was measured amounted to an average colour contrast threshold in the entire annular zone of the retinal image of the stimulus.
Only the peripheral colour contrast thresholds for the tritan axis were determined as there is evidence that there is selective loss of blue-yellow sensitivity in ocular hyper tensive patients.'
Peripheral Movement Displacement Thresholds
The MDT test used has been described in detail pre viously." The test uses a 2 minute by 2 degree computer generated vertical line. The background and stimulus luminance were 7 cd/m" and 27 cd/m2 respectively. The background subtended 8° x 10° and was viewed at 1.24 m. Measurements were made at a single location at 15° in the temporal field, on the 330° meridian, just above the blind spot. Frequency-of-seeing curves were constructed by presenting the moving target (frequency 2.5 Hz) 10 times at 0-18 minutes of arc displacements (in random order). The data were analysed by probit analysis to give a 50% value of movement displacement threshold.
Values for these tests in normal and glaucomatous eyes have been investigated previously in this departmenr".5.29 and have been used to establish cut-off levels between normal and abnormal test results which are shown in Table I . All tests have been shown to give significantly abnormal results in glaucomatous eyes, with lesser, but significantly abnormal results in ocular hypertensive eyes.
RESULTS
All ocular hypertensive patients had an lOP of 24 mmHg or greater (mean 26 mmHg) measured on at least two occasions. The average of three consecutive lOP measure ments was used.
The means (±SD) are shown for the results of the elec trophysiological and psychophysical tests in Table II . The numbers of ocular hypertensive patients with abnormal results on each test are shown in Table III .
In order to examine the relationship between the differ ent tests, a Venn diagram has been constructed showing the number of patients with abnormal results on each test (Fig. I) . In a similar way the number of controls with abnormal tests and glaucoma patients with normal tests are shown.
As has been found in previous studies the number of patients with abnormal PERG results is higher than would be expected from the natural history of ocular hyper tension. In contrast, the number of patients with abnormal results on peripheral colour contrast testing and MDT was more in keeping with the number of patients likely to show visual field changes in the future. It can be seen that of 84 patients with either abnormal colour or motion tests only 18 (21 %) were abnormal on both. If only the patients with abnormal PERG results are studied then they are split fairly evenly into three groups: abnormal colour (17), abnormal motion (13) and abnormal on both (14) . Of the glaucoma patients only I patient had normal results for all three tests whereas none of the controls had all three tests abnormal and only 2 had two abnormal test results.
DISCUSSION
During the last decade there has been a huge increase in the search for alternative methods for the early detection of glaucoma. This has been fuelled partly by the finding that even automated perimetry may remain normal in the presence of significant ganglion cell damage.lo In addi tion, the ocular hypertensive population continues to grow and the majority of ophthalmologists continue to monitor lOP and cup:disc ratio as these have been shown to be the critical risk factors for development of glaucoma. 32 Although lOP has been shown to be an important risk fac tor, it does not on its own allow us to predict which ocular hypertensive patients will develop glaucoma in the future (some of whom will already have subclinical optic nerve damage), as up to a third of glaucoma patients present with lOP in the normal range,30.o3 and it has long been recog nised that patients with high lOP may not develop glaucoma. 34 Alternative methods for glaucoma screening or for monitoring ocular hypertensive patients depend upon test ing the integrity of different parts of the anterior visual pathways, either in isolation or as a whole. From our knowledge of the anatomy and physiology of the visual system it is possible to define which pathways are being tested by any particular method. From our results, and those of other authors, it is clear that the pathomechanism of early glaucoma is not confined to damage to one par ticular element of the visual system, but that either differ ent cell groups may be more sensitive to damage in certain populations, or there are several disease processes involved.
It has been shown histologically that large ganglion cells are damaged early and selectively in the disease pro- Table II . Results for movement displacement thresholds (MDT). If damage to the magnocellular part of the anterior visual system, is not the universal mechanism for early glaucomatous damage then we would not expect to see all patients with abnormal optic nerve function on elec trophysiology exhibit abnormal MDT results. This is borne out by our results. There is an overlap between colour thresholds (predominantly parvocellular function) and MDT (predominantly magnocellular), with many patients giving abnormal results on either one or other, but few on both tests.
Because of the segregation of the visual pathways we are able to isolate specific functions by psychophysical techniques. It is clear that in early glaucoma there is likely to be damage to both magno-and parvocellular pathways either separately or in combination, and that both large and small-diameter ganglion cells are affected early in the disease, but to different degrees. It will depend on each individual which test will become abnormal first and this will in tum depend not only on the mechanism of damage but also on the higher mental functions involved in each test. As the disease process advances the test results become abnormal for all aspects of visual function as can be seen from the almost universally abnormal results found in patients with established glaucoma.
It is not only the type of cells damaged first which has been questioned. Is there diffuse loss of ganglion cells or are all field defects preceded by focal loss only? Elec trophysiological results support the hypothesis of diffuse loss. The PERG measures a massed ganglion cell response37.3R and a small focal defect would be unlikely to give such a significant drop in response as is found in patients with such defects and in a proportion of ocular hypertensive patients with normal visual fields. A significant proportion of ocular hypertensive patients show abnormalities in one or more of the tests performed. If damage is occurring in both magnocellular and par vocellular divisions of the anterior visual pathways, which is clearly the case, the extent to which damage to one exceeds the other can not be quantified and is likely to vary from one person to another. It is therefore unlikely that a single test that measures only one part of the visual system will reliably detect all cases of early ganglion cell damage in ocular hypertensive eyes. We should therefore utilise a combination of psychophysical tests such as colour con trast thresholds together with MDT, or alternatively employ an electrophysiological test that measures total ganglion cell function (PERG). Depending on whether the object is, on the one hand, to increase the specificity of glaucoma screening or, on the other, to predict those ocular hypertensive patients most at risk, we can utilise either the combination of tests most appropriate to the task or those available in the clinic.
